M.longissimus colour was measured from 8165 lambs at 24 hours post-mortem using a chromameter. The impact of production factors (site and year of production, slaughter group, sex, age and breed type) and muscle traits (hot carcass weight, pH 24 , isocitrate dehydrogenase (ICDH) activity, myoglobin, iron and zinc concentrations) on meat lightness (L*), redness (a*), yellowness (b*), hue and chroma were analysed. Greater differences in meat colour were seen between different slaughter groups and sites of production than across the range of any muscle traits. Of the muscle traits analysed, changes in pH 24 had the greatest effect on meat a* (2.5 units), while myoglobin had the greatest effect on meat L* (2.9 units). The 3.1 L* unit darkening of meat with increasing lamb age (from 140 to 400 days) was accounted for by increased myoglobin concentration. These results suggest that production factors are having substantial effects on lamb colour independent of known influencing muscle traits such as myoglobin concentration and pH.
Introduction
The colour developed in fresh lamb meat following oxygenation is critical to the display colour of the meat and thus the purchasing decision of consumers. Consumers expect and demand that lamb meat has a bright-red colour and any discolouration will discourage their purchase. For this reason discoloured lamb meat is discounted, downgraded to a lower-value product such as mince, or discarded depending on the extent of the discolouration. This represents a substantial financial loss and reduction in supply chain efficiency for the lamb meat industry.
While the factors influencing the browning of red meat on display, or meat colour stability, has been the focus of the majority of research in red meat colour, the initial colour developed in lamb meat following exposure to oxygen is equally important in terms of consumer approval and has been far less extensively researched. The initial oxygenated colour of meat may be measured in carcasses 24 hours post-mortem after a muscle surface has been sliced and allowed to bloom for at least 30 minutes. Blooming is the dramatic colour change that occurs upon exposure of a meat surface to oxygen. As oxygen diffuses into a meat surface it binds with purple deoxymyoglobin to form red oxymyoglobin-the pigment primarily responsible for red meat's colour (AMSA, 2012) . The extent of meat blooming determines meat colour development and depends on both the depth of oxygen penetration and the proportions of deoxymyoglobin and oxymyoglobin pigments within a meat surface.
A reduction in bloom depth or oxymyoglobin formation will lead to meat that appears too dark, pale and/or dull in colour and is thus likely be rejected by consumers (MacDougall, 1982) .
A number of production factors, intrinsic muscle factors and external post-mortem factors influence the depth of oxygen penetration into meat, its binding to myoglobin and thus the colour of fresh lamb meat. Important post-mortem factors impacting meat colour include the ambient oxygen concentration, its duration of exposure to the meat surface and the ambient temperature (AMSA, 2012) . The strong influence of temperature on meat colour has been well established and is thus usually tightly controlled by lamb processors to optimise red meat colour (AMSA, 2012) . In contrast to these clearly established external influences on meat colour, the relative importance of different lamb production factors and intrinsic muscle traits in determining lamb meat colour remains unclear.
Certain production factors such as lamb breed, slaughter weight and nutrition influence fresh lamb meat colour (Hopkins & Fogarty, 1998; Martıńez-Cerezo et al., 2005; Priolo, Micol, Agabriel, Prache, & Dransfield, 2002; Ripoll, Joy, Muñoz, & Albertí, 2008; Teixeira, Batista, Delfa, & Cadavez, 2005) . Hopkins and Fogarty (1998) reported that colourimetric measures of meat L*, a* and b* differed by up to 1.6, 1.1 and 0.9 units between lamb breeds, while Teixeira et al. (2005) reported smaller differences of 0.3, 0.6 and 0.7 units. Teixiera et al. (2005) also reported that lamb live weight within an age range of 90 -120 days had a large effect on L* and b* (5.0, 6.1) though not on a* (1.1), while only small differences in meat L*, a* and b* (1.5, 0.8 and 0.3) were measured between the sexes. Priolo et al. (2002) showed that different feeding systems had a moderate effect on L* (3.1) though little on a*, b* or Chroma (0.2, 0.9, 0.6), while growth rates had negligible effect on all parameters (0.4, 0.3, 0.04, 0.2). Ripoll (2008) reported different housing and feeding production systems changed mean meat L*, a*, b* and chroma by 2.0, 2.1, 1.3 and 2.3 units. Dietary Vitamin E intake influences the fresh colour of lamb meat (Pearce, Masters, Smith, Jacob, & Pethick, 2005) in addition to delaying browning during meat display (Jose, Pethick, Gardner, & Jacob, 2008) , however these studies reported the effects of vitamin E using spectrophotometric measures that are not directly comparable with colourimetric measures.
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The mechanisms through which production factors impact fresh lamb colour has not been clearly established, though may in part be associated with changes in intrinsic muscle factors such as pH, myoglobin content or oxidative capacity; all of which influence the oxidation of myoglobin. A high ultimate pH is known to cause darkening of meat (Faustman & Cassens, 1990; Lawrie, 1983) and is anecdotally considered by industry to be the most important cause of dark red meat. High muscle myoglobin and iron concentrations reduce meat lightness and increase the redness and vividness of meat colour (Ledward, 1992) , while muscle's oxidative capacity influences meat colour as more oxidative fibre types contain higher myoglobin and iron concentrations (Suzuki & Cassens, 1983) and metabolise more oxygen post-mortem reducing oxymyoglobin formation. The magnitude of effect of muscle oxidative capacity, myoglobin, iron and pH on lamb meat colour relative to other intrinsic muscle factors and to production factors is unclear, as is the extent that these muscle factors underpin production factor influences. Improved understanding of these interacting factors and their relative magnitudes of effect in determining lamb meat colour is needed in order for the lamb meat industry to reduce product variability and waste caused by unappealing colour development in lamb.
This research aims to quantify and clarify the muscle traits of importance in determining the colour of fresh lamb meat produced under commercial conditions; to compare these effects with those of different production factors and to determine if the production factors
may be accounted for by changes in muscle traits. We present three hypotheses: 1. Muscle pH will have a greater effect on lamb loin lightness than myoglobin and iron concentration or isocitrate dehydrogenase (ICDH) activity, a marker of muscle oxidative capacity (Gardner et al., 2007) . 2. Muscle factors such as pH, myoglobin and iron concentration will be more important determinants of fresh lamb lightness than production factors including the site and year of production, slaughter group, sex, breed and age of the lamb. 3. Myoglobin and total iron concentration and ICDH will have a greater effect on lamb meat redness, yellowness, hue and chroma than other intrinsic muscle factors and all production factors measured in this study.
Material and methods

2.1.Animal, genetic and production details
Data were collected from 8165 lambs produced in the Cooperative Research Centre information nucleus flock over a 5 year period (2007 -2011) at 8 sites across Australia (Table   1) , and has been comprehensively described previously (Fogarty, Banks, van der Werf, Ball, & Gibson, 2007; van de Werf, Kinghorn, & Banks, 2010 The lambs were maintained on extensive pasture grazing, with grain, hay or feedlot pellets supplemented when pasture supply was limited. Further details of breed types used,
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lamb feeding and management are described elsewhere Ponnampalam, Butler, McDonagh, Jacobs, & Hopkins, 2012; van de Werf et al., 2010) .
Slaughter details
At each site, lamb weight was used to create smaller groups of lambs to send to the abattoir for slaughter on the same day (slaughter groups) with target average carcass weight of 20-25 kg. The lambs from 8 sites were slaughtered at 5 different abattoirs. There were a total of 125 slaughter groups in this study, that contained an average of 65 lambs in each, though the number of lambs within slaughter groups ranged from 23 to 128 depending on the number of lambs approaching target carcass weight. Given that selection for slaughter was made based on weights, the lambs ranged from 134 to 504 days of age at the time of slaughter. Lambs were born in clusters following artificial insemination thus the average age range within slaughter groups was only 11 days.
The day prior to slaughter, slaughter groups of lambs were removed from their paddocks and held in a pen for 6 hours before weighing and transportation to a commercial abattoir. Trucking distances between the production sites and abattoirs varied considerably, though were consistent for each site in this study. The lambs were held in lairage overnight at the abattoir before slaughter the following morning. All carcasses were subjected to medium voltage electrical stimulation (Pearce et al., 2010) and trimmed according to AUS-MEAT specifications (Anonymous, 2005) 
Carcass and muscle sampling details
The hot carcass weight (kg) of each lamb was measured on the chain following slaughter. A small portion of loin muscle was collected adjacent to the 12 th rib as soon as possible (a maximum of 5 hours) post mortem to measure ICDH enzyme activity. A 1 g portion of muscle was snap-frozen in liquid nitrogen and stored at -80 °C until ICDH activity could be measured according to the method of Briand (1981) .
All carcasses within a slaughter group were hung in a chiller at 3 -4 C for between 20 to 25 hours before the m longissimus thoracis (caudal from 12 th rib region) et lumborum (to the lumbar sacral junction) or loin muscle was removed from each carcass. A TPS WP-80 pH and temperature meter (with a Mettler Toledo puncture pH probe-LoT406-M6-DXK-S7/25) was calibrated at pH 4 and 7 within the chiller and then used to measure loin muscle temperature and pH (pH 24 ) via the insertion of probes into the centre of the loin muscle A C C E P T E D M A N U S C R I P T
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adjacent to the 12 th rib, as further described by Pearce et al. (2010) . The carcasses had an average muscle temperature of 3.6 C (±1.9) at this time.
From the excised muscle small portions were sampled from the posterior section and frozen for subsequent measurement of myoglobin, total iron and zinc concentrations. For myoglobin concentration, a 1g sample of loin muscle was excised, finely diced and stored at -20 C in a 5ml tube until analysis. Approximately 0.2 g of muscle tissue was then homogenised in 0.04 M phosphate buffer (pH 6.5) using a Polytron PT 10-35 (Kinematica, Lucerne, Switzerland) at 30,000 rpm for 20 seconds. Samples were then centrifuges for 10 minutes at 300 rpm and the supernatant collected. The supernatant was incubated at room temperature for 60 minutes before Trition X-100 (10 %) and 65 mM sodium nitrite were added to the supernatant. The myoglobin assay was then performed using a Beckman DU650 spectrophotometer, with absorbance read at 730 (turbidity) and 409 nm (oxidised pigment) before myoglobin concentration was estimated using the method of Trout (1991) .
Loin samples were frozen at -20 C before freeze-drying using a Cuddon 
Meat colour measurement
The m. longissimus lumborum of each lamb was sliced perpendicular to the long axis of the muscle and adjacent to the 12 th rib at approximately 24 hours post mortem. The cut surface was exposed to air within a 3 -4 ° C chiller for 30 -40 minutes to allow blooming prior to colour measurement. The bloomed surface colour of the meat was then measured using a Minolta Chromameter, Model CR -400 (Konica Minolta Optics, Inc.), with a different machine used at each abattoir.
The Minolta chromameter was fitted with a closed cone, set on a "D65" illuminant, using a 2° standard observer and 10 mm measurement area (aperture). The chromameter was fitted with a CR-A33a or CR-A33f light projection tube with a glass 'shield' fitted to the base of the measuring head and was calibrated prior to use using a white tile (according to manufacturer's instructions) within the chiller where measurements were subsequently taken.
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The chromameter measured colour according to the Commission International de Three replicate measurements of L*, a* and b* were taken of the bloomed meat surface before averaging for analysis. The chromameter head was rotated by 45 ° for each measure and effort was made by the operator to avoid areas of dense connective tissue or intramuscular fat.
2.4.Statistical analysis
Due to the fundamental associations that exist between L*, a* and b* within the visible light spectra, these variables were initially analysed using a multivariate regression analysis (SAS Version 9.1, SAS Institute, Cary, NC, USA). In this multivariate regression, L*, a* and b* were fitted as dependent variables, while fixed effects for site, year of birth, slaughter group (within site by year of birth), sex and dam breed within sire breed type, as well as all relevant first order interactions between these terms were tested. Non-significant (P > 0.05) terms were removed in a step-wise fashion with remaining significant effects (P < 0.05)
forming the fixed base model for further analysis of L*, a* and b* (Table 2 ). This base model was used to analyse L*, a* and b* in separate linear mixed effects models, where sire identification and dam identification by year of birth could be included as random terms.
The next phase of the analysis involved testing the associations between L*, a* and b* and covariate muscle effects (hot carcass weight, pH 24 , myoglobin, iron, ICDH activity and zinc concentration). These associated were first tested in a multivariate regression, where covariates were incorporated one at a time into the base model described above (Table 2) for L*, a* and b* together. Each model included one covariate along with all its relevant first order interactions with fixed effects and squared covariate terms to test for curvilinear effects.
Non-significant (P > 0.05) terms were removed in a stepwise manner to form the base model
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for each covariate. As described previously, the model defined through this multivariate regression was then applied to the individual analysis of L*, a* and b* in separate linear mixed effects models, with random terms for sire identification and dam identification by year of birth. This process was then repeated with each covariate also fitted with hot carcass weight incorporated into the model, to ensure that any observed associations were not simply reflecting changes in hot carcass weight.
Hue and chroma were analysed individually using linear mixed effects models. All fixed effects (site, year, slaughter group within site and year, sex and dam breed within sire breed type) and their first order interactions were included in the initial model, along with random terms for sire identification and dam identification by year of birth, with nonsignificant (P > 0.05) terms removed in a step-wise fashion to form the base models described in Table 2 . In a second phase of this analysis, each covariate (hot carcass weight, pH 24 , myoglobin, iron, ICDH activity and zinc concentration) was then incorporated into the base model one at a time along with their first order interactions with fixed effects and squared terms. Non-significant (P > 0.05) terms were removed in a stepwise manner to form each covariate model. This process was repeated with hot carcass weight included with each covariate in the model.
The same approaches described above were taken when testing the impact of lamb age at slaughter on L*, a*, b*, hue and chroma, with a few key differences. Given the limited age range within each slaughter group (average range of 11 days), when lamb age was included in the model as a covariate the slaughter group within site by year term was removed as a fixed effect and instead fitted as an additional random term. This was done for all linear mixed effects models testing an association with lamb age.
The magnitude of each fixed effect on lamb loin colour measures are expressed as the unit difference between minimum and maximum predicted means for L*, a*, b*, hue and chroma between different fixed production factors ( Figure 1a ). The magnitude of covariate effects on L*, a*, b*, hue and chroma are expressed as the unit change in predicted L*, a*, b* hue and chroma across the range of each carcass or muscle covariate (Figure 1b) .
Results
The number, mean, standard deviation and range for the fresh colour data and all muscle covariates tested are shown in Table 3 .
Effect of production factors on L*, a*, b*, Hue and Chroma-base model
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The mean instrumental colour measures for all lambs (n= 8165) (± SD) produced over five years was 34.9 (± 3.07) units for L*, 18.5 (± 2.33) for a* and 3.8 (± 4.13) for b* (Table   3) . The base models outlined in Table 2 describe 65%, 71% and 94% of the variance in L*, a* and b* respectively. The b* values within this data set were strongly correlated with L* and a* (L* vs b* = 0.4; a* vs b* = 0.6), although there was no correlation between L* vs a* (0). A mean hue of 11.3 (± 12.5) and chroma of 19.3 (± 2.36) were calculated using a* and b* values. The base models for hue and chroma ( Table 2 ) described 96% and 66% of the variance in these measures.
The magnitude difference between the minimum and maximum mean L*, a*, b*, hue
and chroma values between different fixed production effects are shown in Figure 1a .
Different sites of lamb production differed markedly in loin L*, a* and particularly b* (P < 0.01; Table 4 , Fig. 1a ), with these differences varying each year, while the change in these colour measures between years was considerably less (Fig. 1a) . L* values varied by up to 4.2 units between different sites of production and by only 2.4 units between years, while a* differed by up to 3.7 units between sites and by only 1.3 units between years (Table 4 , Fig.   1a ). Up to 8.4 units difference was measured in b* values at different sites of production, compared to only 1.6 units difference between years of production (Table 4 , Fig. 1a ). Hue also varied substantially more (by up to 26.9 units) between different sites of production than between years of production (5.0 units), while chroma differed by up to 2.6 units between sites and by up to 1.5 units between years (Table 4 , Fig. 1a ).
The greatest difference in mean L*, a*, hue and chroma values was seen between different slaughter groups of lambs, compared within the same site and year of production (P < 0.01; Fig. 1a ), though no consistent trend was demonstrated across sites or years. Within any site of production in any one year, the mean slaughter group loin L* varied by up to 6.5 units, a* by up to 5.7 units, hue by up to 22.5 units and chroma by up to 5.7 units difference (Table 4 , Fig. 1a ). Alternatively there was less difference in loin b* values observed between slaughter groups (7.9 units) within any one site and year, than was measured between sites of production (8.4 units) ( Figure 1a ). The minimum and maximum predicted means for L*, a*, b*, hue and chroma from different production sites, years, and between different slaughter groups (at any one site and year) are shown in Table 4 . The unit difference between these minimum and maximum predicted means for L*, a*, b*, hue and chroma for each fixed production effect is shown in Table 4 and Figure 1a .
Comparisons between sire types can be made between male progeny from Merino dams. Terminal sired lambs produced the lightest coloured loin meat (P < 0.01) with a mean (Table 5 ; Fig. 1a ). Maternal sired lambs thus also produced meat with the highest mean hue and chroma (P < 0.01). Maternal sired lamb loins had a mean hue 0.4 units higher than
Merino lambs and 0.1 units higher than Terminal sired lambs, while the chroma of the Maternal sired lambs was only marginally (0.1 unit) higher than Merino and Terminal sired lambs (Table 5 ; Fig. 1a ).
The effect of dam breed or of sex can only be compared among the progeny of terminal sired lambs. On average, the progeny of crossbred (Border Leicester-Merino) dams produced meat with 0.2 unit higher a*, b* and chroma and 0.6 unit higher hue than progeny from Merino dams (P < 0.01; Fig. 1a ), though no difference in mean loin L* was evident (P > 0.05). On average male lambs produced loin meat with a 0.43 unit higher mean L* than female lambs (P < 0.01; Fig. 1a) , and while no significant differences in mean loin a*, b* or hue were shown between lamb sexes, female lambs produced loin meat with a 0.15 unit higher chroma than male lambs (P < 0.01; Fig. 1a ).
Effect of carcass traits on L*, a*, b*, Hue and Chroma
Hot carcass weight had a strong positive association with lamb loin a*, b*, hue and chroma (P < 0.01, Fig. 1b) . With increasing hot carcass weight from 15 to 35 kg there was an associated 1.7 unit increase in a*, 1.3 unit increase in b*, 2.2 unit increase in hue and 1.9 unit increase in chroma (Fig. 1b) . Alternatively, loin L* changed relatively little across this change in lamb hot carcass weight, with the lowest L* values predicted at approximately 24 kg hot carcass weight and increasing by only 0.4 units in lambs with a 35 kg hot carcass weight (Fig. 1b) . Increasing pH 24 of the loin muscle produced a marked and consistent decrease in mean L*, a*, b*, hue and chroma values (P < 0.01, Fig. 1b) . Increasing pH 24 from 5.4 to 6 reduced lamb loin L* by 1.9 units (Fig. 1b, Fig. 2 ), a* by 2.5 units (Fig. 1b, Fig. 3), b* by 2.1 units, hue by 4.9 units and chroma by 2.8 units (Fig. 1b) .
The myoglobin concentration of the loin muscle was also strongly associated with colour parameters, particularly L*. Increasing the myoglobin content from 4 to 12 mg/g of muscle reduced loin L* by 2.8 units (P < 0.01; Fig. 1b) , the greatest magnitude change in L* observed in association with changing covariates measured in this study (Fig. 1b) . Increasing myoglobin content was associated with a moderate increases in a* (1.3 units) and chroma (1.2 units) and small decreased in loin b* (0.2 units) and hue (0.9 units) (Fig. 1b) .
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Muscle iron concentration and ICDH activity had similar associations with L*, a*, b*, hue and chroma as myoglobin (Fig. 1b) . When lamb age at slaughter was added into the model, increasing lamb age at slaughter from 140 to 400 days was associated with a reduction in L* by 3.1 units and an increase in a*, b*, hue and chroma by 1.5, 1.1, 2.8 and 1.0 units (P < 0.01; Fig. 1 ).
When the models with pH 24 , myoglobin, ICDH activity, iron, zinc, or lamb age were corrected for lamb hot carcass weight this did not change the magnitude of their associations with L*, a*, b*, hue or chroma.
Summary of effects on meat lightness
The greatest magnitude difference in the lightness of fresh lamb loin was measured between different slaughter groups in this study, followed by differences between sites of lamb production. Differences in loin lightness with increasing lamb age in this study were the next largest magnitude change, followed closely by changes with increasing muscle myoglobin and iron concentration. Differences between years of lamb production accounted for the next greatest difference in lamb loin lightness, followed by changes with increasing pH 24 , and ICDH activity. Smaller magnitudes of change in loin lightness were seen with increasing lamb hot carcass weight and muscle zinc concentration, the same difference that was observed between sexes of lamb and slightly more than was observed between different sire types, while no significant difference in meat lightness was observed between lambs from different dam breeds. Surprisingly none of the muscle traits measured in this study accounted for the large differences in loin meat lightness observed between different slaughter groups, sites or years of production, when incorporated individually or in combination into the base models, only the effect of lamb age was accounted for by changes in muscle myoglobin concentration.
Summary of effects on meat redness, yellowness, hue and chroma.
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Of all the factors examined in this study, lamb slaughter groups (within any one site and year) were associated with the greatest difference in meat redness and yellowness ( Figure   1 ). Alternatively, for meat yellowness and hue, site of lamb production had a greater magnitude of effect than slaughter group. Site had the second largest magnitude of effect on meat redness and chroma. Changes in pH 24 had a greater effect on meat redness, yellowness, hue and chroma than any other covariate measured (Table 3) . pH 24 was the third greatest factor influencing meat redness, yellowness and chroma, though had marginally less effect on meat hue than the year of lamb production.
Differences in meat redness, yellowness and chroma between years of production were similar in magnitude to the effect of changing hot carcass weight, lamb age and muscle myoglobin concentration, with the exception of meat yellowness on which myoglobin had minimal effect on. Similarly myoglobin had little impact on hue compared to lamb and hot carcass weight. The effect of changing iron concentration and ICDH activity were only 2/3 and ½ that of myoglobin on meat redness and chroma. However iron and ICDH activity had similar small magnitudes of effect on meat yellowness and hue as myoglobin. Changes in zinc concentration had little effect on meat colour, of similar magnitude to the small effect of sire and dam breed, and greater than the smallest recorded differences in meat colour parameters demonstrated between lamb sexes.
Discussion
Production factor effects on meat lightness
Contrary to our hypothesis, production traits including lamb slaughter group and site of production had a greater effect on the lightness of lamb loin than any muscle trait measured in this study ( Table 2 ). The marked differences in meat lightness observed between different production sites, years and slaughter groups was not altered when carcass weight or intrinsic muscle factors including pH 24 and myoglobin were accounted for in the models, suggesting that other mechanisms are playing an important role in determining the lightness of fresh lamb meat. While the scope and design of this study limit the ability to identify the mechanisms underpinning the important effects of site, year or slaughter group on meat lightness, it is likely a multitude of interacting factors including animal genetics, production factors and environmental conditions of carcasses are impacting muscle properties and structure-changing light reflection and thus perceived meat lightness without substantial associated changes in meat pH or oxidative capacity (approximated via myoglobin or iron content and ICDH activity).
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The grouping of lambs sent for slaughter was associated with the greatest magnitude difference in meat lightness, even when only compared within any one site in any given year of production. This magnitude effect of slaughter group on meat lightness exceeded the effect of site or year of production, of lamb sex or breed type, or of changes in hot carcass weight, pH 24 , myoglobin or iron concentration, ICDH activity, zinc concentration or lamb age. The slaughter group effect captures variation in slaughter day conditions; from transport and lairage conditions to abattoir processing factors, as well as differences in nutrition leading up to slaughter given these groups of lambs were slaughtered at different times across each year.
No patterns were observed in the mean loin lightness of lamb slaughter groups across each year, between or within different sites of production over the years, though this study Similarly the site of production effect will have captured substantial differences in nutrition, in on-farm production routines and between different abattoirs. The sites in this study were up to 3,500 km apart, meaning substantial climatic variation and thus differences in pasture types, availability, the type and provision of supplementary feed provided to lambs between different sites at different times of year. Factors such as the distance lambs were transported to reach the abattoir also varied substantially between sites. The year of production was associated with less variation in fresh meat lightness than site or slaughter group which is unsurprising given some annual variation in feed types, availability and possibly production factors is expected between different years at any one site, though less than would be expected between different sites and different times of year ie slaughter groups.
Lamb age at slaughter had a substantial impact on fresh loin lightness in this study.
Increasing lamb age from 140 to 400 days was associated with a marked reduction in meat lightness. When myoglobin and iron concentrations were accounted for in the models the magnitude of effect of lamb age was reduced by two-thirds, while accounting for isocitrate
dehydrogenase activity and pH 24 did not change the effect of age on meat lightness. This suggests that the impact of lamb age on fresh meat lightness can be attributed to increasing muscle myoglobin and iron content with age (Kelman, Pannier, Pethick, & Gardner, 2014; Pannier et al., 2014) rather than to changes in muscle oxidative capacity (as measured by ICDH activity) or the ultimate pH of the meat.
The impact of lamb breed and sex on fresh meat lightness were small compared to other production factors and intrinsic muscle factors. Terminal sired lambs produced the lightest meat and Merinos the darkest. This sire type effect was accounted for by differences in muscle myoglobin, iron and isocitrate dehydrogenase activity and not by differences in meat pH 24 . This is surprising given the perception that Merinos produce darker meat due to their propensity to produce meat with a higher ultimate pH (Gardner, Pethick, Greenwood, & Hegarty, 2006) . These results instead suggest that differences in oxidative capacity/and or myoglobin concentration underpins the darker meat colour observed in Merino sired lambs.
These sire type effects on meat lightness are similar in magnitude to those reported by Teixiera (2005) and far lower than reported by Hopkins and Fogarty (1998) , where much smaller numbers of lambs (<20) represented each breed type. No difference was observed however in the meat lightness of lambs from different dam breeds. Female lambs produced marginally darker meat than males, though the reason is unclear given no intrinsic muscle factor accounted for this effect. Teixiera (2005) also found that female lambs produced darker loin meat, though reported a far larger magnitude of effect, which may be due to the low number of lambs (n = 72) or to the reduced age of the lambs (slaughtered at 90 -120 days).
Intrinsic muscle factor effects on meat lightness
Contrary to our hypothesis, changing muscle myoglobin content was associated with a greater magnitude of impact on meat lightness than pH 24 and all other intrinsic muscle factors. The precise reason that increasing myoglobin content reduces lightness and darkens lamb meat may be related to a combination of mechanisms besides the increase in total pigment per se; an associated increase in muscle oxygen consumption, increased density of dark deoxymyoglobin when low oxygen limits the formation of oxymyoglobin, increased absorption of light by myoglobin pigments and thus reduced reflected light and/or a reduced bloom depth resulting in a more superficial dark deoxymyoglobin layer (AMSA, 2012). The greater impact of myoglobin compared to pH 24 on meat lightness in this study supports the phenotypic correlations reported by Mortimer (-0.21 vs -0.12), though conflicts with the current industry perception that the ultimate pH of meat is the most important factor causing
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dark red meat. This is important as the ultimate pH is often used by industry as a rough gauge of the colour that meat will develop once sliced for display. It is possible that the relative importance of ultimate pH could increase in populations where proportionately more of the lambs had an elevated ultimate pH due to poor nutrition and/or stress.
However the population represented in this study is a good reflection of Australian production systems, given the diversity of nutritional backgrounds and that most processors follow standard best-practice guidelines for animal welfare. This study demonstrates that myoglobin content is a more important determinant of lamb meat lightness than meat pH24 and thus may be a more accurate predictor of dark lamb meat.
The impact of total muscle iron concentration on fresh loin lightness was marked and consistent with the impact of myoglobin. Increasing iron reduced meat lightness to a slightly lesser magnitude than myoglobin, though to a greater extent than pH 24 . The consistent direction and similar magnitude of impact of iron and myoglobin on loin lightness is unsurprising given the high reported correlations between iron and myoglobin (Mortimer et al., 2014) and their close biochemical association; iron being an essential component of the myoglobin pigment. However, iron is a less sensitive measure of myoglobin pigmentation given that total iron measures capture heme iron within other muscle proteins such as ferritin, as well as non-heme iron, hence the reduced magnitude of impact of iron compared to myoglobin. The impact of iron content on meat lightness in this study is thus likely to reflect changing myoglobin concentration in addition to other unidentified mechanisms.
Myoglobin and iron concentrations are also linked to the proportion of oxidative fibre types and thus the muscle's overall oxidative capacity. Thus the reduction in meat lightness seen with increasing oxidative marker isocitrate dehydrogenase activity was anticipated. The magnitude of impact of isocitrate dehydrogenase activity was however only around half that of myoglobin. This suggests that the strong association between meat lightness and myoglobin concentration relates more to changes in the quantity and density of myoglobin pigment rather than to any associated changes in oxidative metabolism altering oxygen availability within muscle post-mortem. This is supported by the fact that the magnitude of impact of myoglobin is reduced by only 5% when variation in isocitrate dehydrogenase is accounted for in the model. The oxidative capacity of muscle is thus an important factor determining lamb lightness more due to its close association with myoglobin content than due to changes in muscle fibre type and metabolism.
Increasing meat pH 24 was also associated with a substantial reduction in loin meat lightness in this study where pH 24 was used as a proxy for ultimate pH. This result is consistent with the majority of literature identifying high ultimate pH as a key cause of dark red meat. This impact was not altered when variation in any other intrinsic muscle factors were accounted for in the pH 24 models, suggesting that ultimate pH influences fresh meat lightness independent of these factors. Despite its strong impact, pH 24 failed to account for the effect of any production factors on meat lightness in this study, a surprising finding given that pre-slaughter nutrition and stress are known to impact the ultimate pH reached in meat.
The small increase in meat lightness associated with increasing hot carcass weight of lambs at slaughter could not be accounted for by any intrinsic muscle factors measured in this study, thus the mechanism underpinning this effect is unclear. The fact that slaughter group (and thus lamb age to an extent) was incorporated in the hot carcass weight model and that myoglobin did not account for the impact of hot carcass weight on lightness as it did the impact of age, supports that the influence of hot carcass weight is not a reflection of age differences but some other unknown muscle factor.
Currently processors in the Australian lamb industry have the capacity to know the breed, sex and even the region of production but not the age of the lambs they slaughter.
Arguably, the inclusion of slaughter group which would largely account for lamb age in these covariate models may reduce the magnitude of effect that intrinsic muscle factors have on meat lightness at an industry level, particularly myoglobin concentration given its close association with lamb age (Kelman et al., 2014) . In support of this notion, when slaughter group within year and site of production was removed from the model the impact of changing myoglobin concentration on meat lightness increased by almost 30%.
Production factor effects on meat redness, yellowness, hue and chroma
Contrary to our hypothesis, production factors including slaughter group, site and year of production had a greater magnitude of effect on lamb loin redness, yellowness, chroma and hue than any intrinsic muscle factor. The precise mechanisms underpinning the impact of these production factors cannot be elucidated in this study though are likely to relate to nutrition, to conditions on the day of slaughter and abattoir factors. The impact of site was particularly large on fresh meat yellowness and thus hue and chroma. Given that L*, a* and b* are measured simultaneously using a chromameter, the marked variation seen in yellowness compared to lightness and redness cannot be explained by operator, machine or measurement error. Given the relatively large impact of site relative to year on yellowness it
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is likely that the type of nutrition fed to lambs prior to slaughter is a particularly important determinant of meat yellowness. Daley et al. (2010) reported that fat yellowness in ruminants is primarily determined by their dietary intake of carotenoids, which varies substantially within and between feed types and thus would have varied considerably between sites in this study.
Increasing lamb age from 140 to 400 days markedly increased meat redness, yellowness, hue and chroma in this study, in line with the impact of increasing myoglobin and iron concentration (Figure 1b) . Surprisingly the effects of lamb age on meat redness, yellowness and chroma were less than half the magnitude of effect of age on meat lightness.
However this finding is reasonable given that myoglobin and iron had a greater impact on meat lightness relative to redness and chroma than was anticipated in this study. While the increase in meat redness and chroma with increasing lamb age is positive, this is offset by the increase in meat yellowness and hue as well as the reduction in meat lightness.
The effect of lamb breed and sex on the meat redness, yellowness, hue and chroma
were small compared to the impacts of production site, year, slaughter group and intrinsic muscle factors, and compared to previously reported values (Hopkins & Fogarty, 1998; Teixeira et al., 2005) . The effects of sire type on meat redness, yellowness, hue and chroma were not accounted for by differences in muscle myoglobin, iron or ICDH activity, as was the effect on meat lightness. Nor did any other intrinsic muscle factors examined in this study account for the sire type effect, thus the cause of this effect is unclear. Changes in myoglobin concentration did account for the impact of dam breed on meat redness, though not on yellowness, hue or chroma. The marginal increase in chroma of female lamb meat could also be attributed to increased myoglobin concentration.
Intrinsic muscle factor effects on meat redness, yellowness, hue and chroma
Contrary to our hypothesis, changes in pH 24 unexpectedly had a greater magnitude of effect on lamb redness, yellowness, hue and chroma than myoglobin or any other intrinsic muscle factor measured ( Figure 1b) . In addition to markedly reducing meat lightness, increasing pH 24 also negatively impacted on loin meat redness and chroma. Increasing pH 24
was associated with a substantial reduction in redness (a*); the measure identified as the single best indicator of consumer acceptability of lamb meat colour by Khliji et al. (2010) . Of all the muscle factors examined in this study pH 24 had the strongest association with redness, its effect on a* almost double that of the next strongest effects-hot carcass weight, myoglobin and iron concentration. Increasing pH 24 did reduce meat yellowness markedly,
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though this measure is thought to have limited importance to consumer acceptability of meat (Khliji et al., 2010) . Of all muscle traits measured, pH 24 had the greatest magnitude of effect on chroma, which is an important component in the evaluation of meat colour by consumers (AMSA, 2012) . The impact of pH 24 of meat redness, yellowness, hue and chroma again appears to be independent of other muscle variables including myoglobin, a reasonable finding given the low phenotypic correlation (-0.01) reported between lamb loin pH 24 and myoglobin concentration (Mortimer et al., 2014) .
Increasing muscle myoglobin concentration was associated with a substantial increase in loin redness and chroma. The improved redness and chroma of loin colour with high myoglobin concentration can be clearly attributed to an increased density of the red pigment oxymyoglobin. Again the impact effect of iron concentration on redness and chroma followed the direction of impact to a slightly lesser magnitude than myoglobin concentration, with ICDH activity slightly lesser again. This supports that the effects of iron and ICDH activity on meat redness and chroma also reflect changes to myoglobin pigment concentrations. Increasing myoglobin, iron and ICDH activity had a positive influence in reducing meat yellowness and hue, though the magnitude of these effects are small compared to other muscle and carcass traits examined (Figure 1 ). Changes in myoglobin content or any other intrinsic muscle factor did not account for the marked increase in redness and chroma and moderate increase in yellowness and hue associated with increasing lamb hot carcass weight, thus with the reason behind these effects remains unclear.
The improvement in the redness and chroma of high myoglobin meat is offset by the reduced lightness of this meat, which is a particular concern given the importance and prevalence of dark lamb meat. All meat in this study met the consumer acceptability threshold for redness of 9.5, while only 60% of loin samples exceeded the threshold of 34 for meat lightness (Khliji et al., 2010) . This supports anecdotal reports that dark meat is the most important problem causing consumer rejection of freshly cut lamb meat, and suggests that efforts should be focused on increasing meat lightness by reducing muscle myoglobin content in addition to minimising ultimate pH. The high genetic correlation reported between myoglobin concentration and lamb loin lightness (-0.81) suggests that dark meat may be reduced via selection for lower myoglobin concentrations. Reduced muscle myoglobin concentration could be achieved in lambs through a combination of genetic selection for increased muscling and thus reduced proportion of oxidative muscle fibres, as well as by slaughtering lambs at a younger age given the increase in muscle myoglobin content with lamb age (Kelman et al., 2014) . This may be further exaggerated by the reduced adrenaline
responsiveness and therefore reduced stress susceptibility in high muscling lambs (Martin, McGilchrist, Thompson, & Gardner, 2011) which could lead to a reduction in the incidence of dark cutting.
Conclusions
Lamb production factors such slaughter group, site and year of production had far greater magnitudes of impact on all fresh lamb meat colour parameters than any intrinsic muscle factors measured in this study, such as pH or myoglobin concentration, contrary to our expectations. Further investigation is required to better understand how these production factors are such important determinants of fresh lamb colour independent to the muscle factors most commonly implicated in determining red meat colour. Of the intrinsic muscle factors examined, high pH 24 of the loin muscle was associated with consistent worsening of fresh lamb meat colour; reducing lightness and substantially worsening redness and chroma.
Myoglobin had a greater magnitude impact on meat lightness than pH, though the impact of myoglobin was inconsistent on different fresh colour parameters-high myoglobin markedly decreased thus worsened meat lightness, whilst increasing thus improving meat redness and chroma. Myoglobin and iron, which had consistent impacts though to a slightly lesser magnitude, accounted for the substantial impact of lamb age on fresh lamb colour parameters in this study. Muscle myoglobin content rather than pH also accounted for the darker lamb meat produced by Merino sired lambs. Thus industry focus needs to shift to incorporate consideration of both myoglobin and iron content as well as the ultimate pH of meat in order to better maintain optimal fresh lamb colour development, in addition to further research to better understand how production factors such as slaughter group are having such an important impact on fresh lamb colour independent of the muscle factors measured in this study. M A N U S C R I P T Tables   Table 1 
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